The most promising cathode materials, including LiCoO2 (layered), LiMn2O4 (spinel), and LiFePO4 (olivine), have been the focus of intense research to develop rechargeable lithium-ion batteries (LIBs) for portable electronic devices. Sluggish lithium diffusion, however, and unsatisfactory long-term cycling performance still limit the development of present LIBs for several applications, such as plug-in/hybrid electric vehicles. Motivated by the suc-cess of graphene and novel 2D materials with unique physical and chemical properties, herein, a simple shear-assisted mechanical exfoliation method to synthesize few-layered nanosheets of LiCoO2, LiMn2O4, and LiFePO4 is used. Importantly, these as-prepared nanosheets with preferred orientations and optimized stable structures exhibit excellent C-rate capability and long-term cycling performance with much reduced volume expansion during cycling. In particular, the zero-strain insertion phenomenon could be achieved in 2-3 such layers of LiCoO2 electrode materials, which could open up a new way to the further development of next-generation long-life and high-rate batteries.
Introduction:
Two-dimensional (2D) materials are two-dimensional atomic sheets, which have a rich variety of physical properties that enable a large range of applications in the fields of nano-electronics, catalysis, gas separation, energy storage and conversion, etc. [1] [2] [3] [4] [5] [6] [7] Particularly in the case of Li-ion batteries, high rate capability is desired for applications in electric vehicles/hybrid electric vehicles to shorten the annoyingly long charging time and provide high power capability. 2D materials are regarded as a new strategy to improve the rate capability of electrode materials due to their high specific surface areas, which facilitate ultra-short lithium ion transport pathways compared to their corresponding bulk materials. [8, 9] So far, much research has been focused on using 2D materials as anode materials in Li-ion batteries, including graphene, [10] TiS2, [11] Co3O4, [12] SnO2, [10] etc., while, for cathode materials, there are only a few reports on 2D LiFePO4 materials with outstanding high-rate performance and hybrid battery and supercapacitor behavior. [9, 13, 14, 15] This is due to the fact that transition metals in cathode materials would undergo oxidation to higher valence states on the removal of lithium or other cations, [16] leading to large compositional changes and the consequent phase changes. Therefore, cathode materials require high structural stability to provide a high specific capacity at high charge and discharge rates, as well as suitable morphology and particle size. Nowadays, the challenge is to develop a versatile, scalable, highly efficient process to synthesize 2D cathode nanosheets, which could maintain their stable crystal structure and uniform microstructure over the long run.
The current state-of-the-art cathode materials for Li-ion batteries mainly have three different type of structures, including layered (LiCoO2, LiNi1/3Mn1/3Co1/3O2, LiNiCoAlO2), spinel (LiMn2O4), and olivine type (LiFePO4) structures. (Please see Figure S1 ) Moreover, the diffusion direction of lithium in LiCoO2 is octahedral site-tetrahedral site-octahedral site in layers, while that in LiMn2O4 is tetrahedral site-octahedral site-tetrahedral site with three-dimensional channels, and the motion of lithium ions in LiFePO4 occurs along one-dimensional channels via nonlinear trajectory in the olivine crystal structure. [17] These different structures certainly will increase the difficulty of the synthesis of 2D cathode nanosheets. Thus, it is a challenge to adopt a general process to synthesize their 2D nanosheets from the corresponding particles with different crystal structures. In addition, the storage mechanisms of 2D layered lithium transition metal oxides or spinel LiMn2O4 nanosheets still need investigation.
Herein, we used an effective, easily scaled-up, and general synthetic process for the preparation of few-layered positive electrode nanosheets, which include layered LiCoO2, olivine-type LiFePO4, and spinel-type LiMn2O4. These prepared nanosheets showed highly oriented facets, which will have benefits for the lithium ion de-insertion/insertion during the charging/discharging process, respectively, thereby delivering high energy densities and excellent rate capabilities. Also, the structural evolution of 2D cathode materials during galvanostatic charge-discharge was captured using time-resolved in-situ synchrotron X-ray powder diffraction. The transport channels of 2D cathode materials would be opened up to different degrees after the exfoliation, and the opened Li + transport channels could also favor high-rate capacity of the electrode.
Results and discussion
Figure 1 XRD patterns and crystal structures of synthesized powders (LiMn2O4 (a), LiFePO4 (d), and LiCoO2 (g)) and nanosheets (LiMn2O4 (b), LiFePO4 (e), and LiCoO2 (h)), respectively. Here, the blue curves represent the theoretical patterns of their corresponding particle materials, and the crystal structures of the nanosheets are also shown as inset images. HRTEM images of the synthesized nanosheets: LiMn2O4 (c), LiFePO4 (f), and LiCoO2 (i), respectively. electron diffraction (SAED) patterns. The lattice spacings are evaluated using the method reported. [17] The structure and phase purity characterizations of the as-prepared nanosheets are shown in Figure 1 . As a contrast, the X-ray diffraction (XRD) patterns of the corresponding bulk materials are also exhibited. In the case of LiMn2O4, the XRD pattern of the bulk sample displays features of the spinel structure with Fd3m space group (JCPS card No. 35-0782), with no traces of any impurity phase. After exfoliation, only the (111) peak can be detected and compared with that of the bulk sample, which shows its preferred orientation. This is also confirmed by the high resolution transmission electron microscope (HRTEM) images (Figure 1(c) ). The lattice spacing of 0.46 nm could be assigned to the (003) crystal planes, indicating that the nanosheet surface was terminated by the (003) facet. The HRTEM image of the LiMn2O4 nanosheets clearly demonstrates that they consist of several layers.
Moreover, the selected area electron diffraction (SAED) pattern further confirms their spinel structure.
Both samples of LiFePO4 exhibited a pure phase with an olivine structure indexed to the orthorhombic Pnma space group (JCPDS 83-2092). In particular, an important feature in the XRD pattern of LiFePO4 after exfoliation was the peak intensity ratio of the (020) to the (200) planes. According to Kanumara et al., [19] a platelet-type structure could be obtained if the intensity of the (020) peak is greater than that of (200) peak. Here, the intensity ratio of I(020)/I(200) for the LiFePO4 particles after exfoliation was ~8.4, while it was only ~4.5 before its exfoliation. Therefore, the preferred orientation along the ac plane can be also deduced after an efficient exfoliation. Its HRTEM image also shows the nanosheet-like structure and that its lattice spacings are 0.37 and 0.35 nm, corresponding respectively to the (011) and (111) planes of orthorhombic LiFePO4, which could be further confirmed by the SAED pattern of the LiFePO4 nanosheets.
In the case of the LiCoO2 particles, all the diffraction peaks can be indexed to a rhombohedral layered structure. [20] In the XRD patterns, the (003) peak indicates the layered structure property, while the (104) peak indicates that the basic unit in the structure is based on the Co-O-Co bond, which forms this kind of layered compound.
The intensity ratio of the (003) peak to the (104) peak corresponds to the perfection of crystallization. [21] More interestingly, in the case of the LiCoO2 nanosheets, their (101) and (111) crystal planes, respectively. [16] In Figure S2 , atomic force microscopy (AFM)
analysis demonstrates that the thickness of the LiMn2O4, LiFePO4, and LiCoO2 nanosheets is ~6.1, ~9.8, and ~1.7 nm, respectively, which indicates that the nanosheets have a thickness of 9-10, 15-17, and 2-3 layers, respectively.
Compared to the non-exfoliated bulk materials, the intensity of the XRD peaks of the corresponding nanosheets decreased or even vanished after exfoliation, but some peaks were left, which means that some special planes were kept. This motivated us to study the surface energy (γ) of their crystal surfaces, which quantifies the disruption of intermolecular bonds that occurs when a surface is created. This surface creation originates from a cleaving process and thus from breaking bonds. The surface energy of LiMn2O4, LiFePO4, and LiCoO2 has been estimated by means of Density Functional Theory (DFT) calculations, depending on the total energy of the bonds that are broken, as shown in Figure S3 . Because the bonding energy of the (003) and (104) planes in LiCoO2 is lower than that of the other planes, such as (101), (012), and (110), they showed less stability than the other planes. Under a certain amount of external energy, the less stable planes are more likely to be destroyed than the more stable planes. Therefore, the peaks of the more stable planes, as survivors, are exhibited in the XRD patterns after exfoliation. In the case of LiFePO4, more peaks were present in the XRD patterns after exfoliation due to their narrow distribution of surface energy. Like LiCoO2 and LiMn2O4, however, a preferred orientation can be still available via the adjustment of process parameters. From the insights of materials science, the exfoliation process would destroy the low surface energy planes of materials more readily than those with high surface energy. On the basis of the crystal structure similarity, the exfoliation strategy can also be extended to the preparation of several types of few-layered anode material nanosheets, including MnO2 and TiS2, as shown in Figures S4 and S5 .
After exfoliation, the nanosheets of the three cathode materials maintain their original crystal structure, although the resultant nanosheets show different crystallographic planes. In the LiCoO2 nanosheets, their "Li + lattice plane" was exposed, which means that their Li + transport channels were opened completely. In comparison, the LiFePO4 nanosheets show partly opened Li + transport channels, and LiMn2O4 shows unaltered Li + transport channels. Thus, the Li + transport channels show different levels of exposure. As electrode materials, they also offer the opportunity to confirm the evolution of the structure of cathode materials with different Li + exposure planes. In-situ synchrotron X-ray powder diffraction is a powerful tool to identify the detailed structural changes during lithium intercalation/de-intercalation. In-situ diffraction patterns during the first few cycles of galvanostatic charge-discharge profiles at 0.5 C were collected for the as-prepared nanosheets, and the image plots of the diffraction patterns for the (111), (200), and (003) peaks, corresponding to LiMn2O4, LiFePO4, and LiCoO2, respectively, are shown in Figure 2 (a, d, g). The lattice parameter (LiMn2O4: a; LiFePO4: b, and LiCo2O4: a) was evaluated by fitting the curves using GSASII software, [22] and the results are shown in Figure 2 reported LiMn2O4 electrode. [23] This shows that the lithium ion channels have not been affected by the exfoliation, which can be attributed to the spinel structure of LiMn2O4. Moreover, the lattice parameter shift of the LiFePO4 nanosheets is ~0.05 Å, which represents a slight decrease compared with the LiFePO4 particles. [24] Here, the breakage of chemical bonds is perpendicular to the b axis. Since the lithium diffusion path for LiFePO4 was also believed to be mainly a one-dimensional diffusion channel along the b axis, the lithium diffusion distance of LiFePO4 after exfoliation was significantly reduced (inset figure in Figure 1 (f)). Therefore, the lithium ion diffusion time could be significantly enhanced to achieve high rate capability.
After fitting the data for the LiCoO2 nanosheets, as illustrated in Figure 2 (i), we can clearly observe that the a lattice parameter shows no obvious variation during the charge/discharge process. This is the typical zero-strain insertion phenomenon of electrode materials, in which the lattice parameters show negligible change (< 1%) during cycling. [25] To further confirm this unexpected evolution, an electrode composed of microsized LiCoO2 particles was also investigated by in-situ synchrotron XRD, as shown in Figure S6 , where the LiCoO2 particles exhibit the predicted lattice parameter variation in the charge/discharge process. The unusual zero-strain evolution plane is parallel to the lithium ion transport channel, its increased rate capability can be attributed to its decreased size compared with the corresponding bulk particles, as in the nanosheets, the (003) plane has increased its interface between the active materials and the electrolyte compared to the bulk. As shown in Figure 3(c) , the charge capacities of the LiFePO4 nanosheets electrodes were 120, 100, and 82 mAh/g at charge rates of 1, 5, and 30 C, respectively. Even at the ultra-high rate of 100 C, the electrode still delivers a charge capacity of 40 mAh/g, indicating its excellent high power performance. At the rates of 0.1 C, 10 C, and 50 C, the charge capacities of the LiMn2O4 nanosheets were 131, 118, and 80 mAh/g, respectively. These C-rate properties of the nanosheets are better than those of the corresponding bulk materials due to the enhanced lithium ion transport processes. [15] To understand the Li + ion transport inside all the electrodes, the diffusion coefficient (D) (as shown in Figure S7) of the Li + has been calculated from the low frequency (LF) region in the Nyquist plot.
Here, the LiCoO2 nanosheet electrode presents an improved diffusion coefficient (~1.75 × 10 -10 cm 2 s -1 )，which is ~3 orders of magnitude higher than for the corresponding bulk material. The LiFePO4 nanosheets show a small increase in their diffusion coefficient, while the LiMn2O4 nanosheets exhibit little change compared with the corresponding bulk materials. These results are also explained by the fact that the Li + channels had already been opened to different extents.
Meanwhile, the Li + transport time to diffuse over the nanosheets was also estimated.
The thickness of the nanosheets was measured using AFM via the equation:
(where D is the diffusion coefficient, and L is the length of transport), the time (t) for
Li to diffuse over the nanosheets was calculated to be less than 28 and 1.4 µs for the LiMn2O4 and LiFePO4 nanosheets, respectively, which is ~3 orders of magnitude lower than for the corresponding bulk materials (~150 nm). The t value of LiCoO2 nanosheets is ~0.2 µs and ~91.3 µs along the c and a axes, respectively. Compared with the corresponding bulk materials, the combined effects of the diffusion path length and diffusion coefficient result in the increased t values for the nanosheets.
Excellent recovery of the capacity of the nanosheet electrodes after high rate cycling can also be achieved. More importantly, increased capacity (Table S1 ) can be observed after high rate cycling, especially for the LiFePO4 nanosheet electrode, which shows around a 3.3% increase. This should be attributed to the lack of full activation of the nanosheet cathodes under the small current density, while more active sites on the nanosheets for lithium ions could be created as the charge/discharge current density increases, so that the increasing capacity after high rate cycling can be achieved. It is well known that lithium intercalation can be used for exfoliation of some layered materials, [26] so lithium ion intercalation, especially at high C-rates, such as 100 C for the LiFePO4 nanosheets, can also affect the production of few-layer nanosheets and create more active sites for lithium ion storage, which may cause the capacity to increase. Figure 4 De-intercalation mechanism from density functional theory (DFT) calculations. Electrochemical delithiation scheme for the two-layered LixCoO2 nanosheets from x = 1 to x = 0.5. Table 1 Structure parameters of the nanosheet cathodes. Moreover, the long-term cycling performance of the nanosheets was also increased compared to the corresponding bulk materials because of less internal lattice strain during cycling. Excellent cyclability can be attributed to both the electrochemical reversibility and the structural stability of the electrode materials. [27] As in the case of the classical cathode materials, a stable structure is the key to maintaining excellent cycle life. Our cathode nanosheets were produced by exfoliation, which resulted in the destruction of the less stable planes in the materials. Therefore, the thus-prepared nanosheets have a more stable structure compared to the corresponding bulk materials, which could be the main factor responsible for the increased long-term cycling performance of the nanosheets. In the case of the LiFePO4 nanosheet electrode, even after 1100 cycles, its discharge capacity was still 115 mAh/g, corresponding to 95.8% of its initial discharge capacity. Meanwhile, compared with the bulk materials, the corresponding nanosheets of LiCoO2 and LiMn2O4 also showed improved stability over long-term cycling.
The fact that the typical reversible limit of electrochemical delithiation for LixCoO2 in commercial batteries is x ~ 0.5, corresponding to a charge capacity of ~140 mAh/g, has been mostly attributed to mechanical failure associated with the large change in the c-axis dimension, rather than any changes in cation ordering. [28] For bulk LixCoO2
(0.5 < x < 1), the c-lattice parameter showed a steady increase, as characterized by in-situ XRD during electrochemical lithium extraction. [29] After exfoliation, however, electrodes with few-layered LiCoO2 nanosheets showed only minor changes in their c-axis dimension after x ~ 0.5 lithium de-intercalation. On the basis of the density functional theory (DFT) results, as shown in Table 1 , it can be seen that the c-axis and b-axis parameters were increased by 0.1% and 0.9%, respectively, whereas the a-axis parameter was decreased by 2%, which is further support for the refinement results. This method could be a general strategy to convert high-lattice-strain materials to less strain or zero strain cathode materials.
Conclusion
We have used a shear-assisted method to prepare a series of few-layered nanosheets from the corresponding bulk cathode materials. The as-prepared nanosheets show a sheet-like morphology with a stable structure. The high speed shear action has benefits for the exfoliation, decreases the size, and optimizes the structure of the samples. Our unique nanosheet electrodes exhibited increased C-rate capability. The structural evolution of these 2D cathode materials during galvanostatic charge-discharge shows that greater opening of the Li + transport channels could also be of benefit to the C-rate capability of these cathode materials. Along with "nanocrystallization", the combined effects were found to determine the improved energy storage performance of the cells.
Experimental Section
All employed chemicals were of analytical grade, purchased from Sigma Aldrich, and used without any further purification.
Synthesis of bulk LiCoO2 particles
In a typical synthesis process, LiCoO2 particles were obtained via the solvothermal 
Synthesis of bulk LiFePO4
Appropriate stoichiometric quantities of FeCl2 and Li3PO4 with an Li:Fe:P molar ratio 
Synthesis of bulk LiMn2O4
LiMn2O4 was synthesized by solid-state reaction: Li2CO3 and Mn(CH3COO)2 4H2O
were ground in an agate mortar with a pestle in the predetermined 1.15:2 ratio of Li:Mn, respectively, until the mixture became homogeneous. After that, the mixture was pressed into pellets and preheated at 650°C in air for 5 h in a tubular furnace.
Then, the mixture was again ground, pressed into pellets, and heated at 750°C in air for 24 h. All the samples were cooled to room temperature at the cooling rate of 1°C/min after the second heat-treatment.
Synthesis of Nanosheets
Cathode materials nanosheets were synthesized from the corresponding bulk materials by a modified shear exfoliation method. [30] The mixer used was an L5M high shear laboratory mixer, made by Silverson Machines Ltd., UK. Here, the interchangeable, screw-on slotted disintegrating head has a rotor 30 mm in diameter, and the gap between its rotor and the screen is approximately 0.05 mm.
In a typical synthesis, the cathode material (1 g Tables S2 and S3 , and in Figures S8, S9 , S10, S11, and S12, respectively.
Characterization
The morphology/microstructure and particle distribution of the as-prepared LiCoO2, LiFePO4 and LiMn2O4 bulks and nanosheets were investigated by field emission scanning electron microscopy (FESEM, JOEL JSM-7500) and transmission electron microscopy (TEM, JOEL JEM-2010). X-ray diffraction (XRD) patterns were collected using a GBC MMA generator and diffractometer with Cu Kα irradiation to investigate the phase purity and crystal structure of these cathode materials.
Electrode preparation and electrochemical measurements
The working positive electrodes were fabricated by mixing the active material, MHz -10 mHz on a Biologic VMP3 electrochemical workstation.
In-situ X-ray diffraction measurements
Kapton film was used as a window to allow the penetration of the synchrotron beam into the in-situ cell. A detailed description of the cell can be found elsewhere. [30] In-situ synchrotron X-ray powder diffraction measurements were carried out on a beamline of the Australian Synchrotron (wavelength = 0.6884 Å).
DFT calculations
For calculation of the ab-initio electronic band structure of LiCoO2, we used the Vienna Ab-Initio Simulation Package (VASP) [32] with its projected augmented wave pseudopotential. [33] The generalized gradient approximation (GGA) [34] and the Perdew, Supporting Information
Few atomic layered lithium cathode materials to achieve ultra-high rate capability in lithium ion batteries LiCoO2 is isostructural with the rhombohedral R3m α-NaFeO2 layered structure. The structure is an ordered rock-salt structure with edge-sharing CoO6 octahedra linked to form CoO2 sheets. The layered structure provides two dimensional paths, allowing for lithium ion extraction and insertion.
[S1]
Figure S1 Atomic force microscope (AFM) images of the prepared nanosheets were obtained using the tapping mode. As AFM is currently the foremost method allowing definitive identification of single-layer crystals, the thickness of each kind of nanosheets was evaluated, respectively. As shown in Figure S2 (b) LiFePO4 [S2] , and (c) LiMn2O4 [S3] .
The surface energy (γ) quantifies the disruption of intermolecular bonds that occurs when a surface is created, which originates from a cleaving process and thus from breaking bonds. The system tends to reduce its free energy as it reaches its equilibrium state. In some cases, this stability can be achieved by the reduction of the surface energy of the system. For example, smaller drops aggregate into larger ones.
Generally, the surface energy can be classified into two categories: one relates to the surface for a liquid, which is also known as the surface tension; the other is for a solid.
When we evaluate the surface energy of a solid, the sublimation energy is defined as the energy of one bond for the atoms in a crystal. For a one-mole crystal, there are Avogadro's number (NA) of atoms and at least 0.5 NA bonds will form among them.
Taking the coordination number into account, there will be (0.5NA*Z) bonds in a one-mole crystal, where Z is the number of atoms per unit cell. Its surface energy can be written as:
Where is the molar enthalpy of sublimation.
In the case of a face-centered cubic (FCC) crystal, an atoms at the surface possesses a coordination number (CN) of 9, which means that 3 bonds per atom are broken at the (111) surface.
Therefore, the energy required to form one (111) surface in FCC can be given as: Recent studies have shown that nanosheets can be directly exfoliated by sonication in a properly selected solvent.
[S1] Nevertheless, there is no good method to evaluate the suitability of a solvent for effective exfoliation. [S2] . Here, we initially sonicated (250 W, 30 min) LiCoO2 particles in a number of solvents with varying surface tensions from N-methyl-2-pyrrolidinone to ethylene glycol anhydrous, as shown in Table S2 .
The resultant dispersions were centrifuged, and the supernatant was decanted. After 1 month of ageing, the dispersions were compared and selected depending on their stability ( Figure S8 ). Here, we find that LiCoO2 particles can form stable dispersions in N-methyl-2-pyrrolidinone, 1-methyl-2-pyrrolidinone, H2O, and ethanol.
Considering the toxicity and high boiling point, pyrrolidone-based solvents could be immediately abandoned. In addition, LiCoO2, as a cathode material, is generally protected from contact with H2O because of the easy loss of lithium. Finally, the ethanol was left as the highest priority. To evauate the role of ethanol and carry out further research, the LiCoO2 particles were directly soaked in the ethanol for different times (1 h, 48 h, and 72 h). Then, XRD was used to detect any variation in the LiCoO2 particles. Figure S9 shows the XRD patterns of the resultant LiCoO2 particles formed in ethanol. As can be seen, all of the patterns can be indexed as layered LiCoO2. The lattice parameters of the synthesized powders were calculated for the (003) plane using the formula given by Table S3 . The a and c values were obtained by substituting d spacing obtained from experiment for the (003) planes. We find that the lattice constants increase as the soaking time increases. More importantly, a blue shift in the diffraction peak can be observed as the soaking time increases. It shows that ethanol can be intercalated into the layers of LiCoO2, and a superstructure is generated in the LiCoO2 crystal due to intercalation across the layers. [S1] This will be result in significantly weakened interlayer attraction. Subsequently, mechanical shock was introduced to impose an impact force on the swollen phase, leading to the exfoliation of the LiCoO2 layers. Therefore, this will provide the basic possibility of further carrying out the exfoliation. The evolution of LiCoO2 from bulk to nanosheets as the exfoliation time increases is shown in Figure S10(a-c) . In the whole exfoliation process, both mechanical shearing and cavitation are responsible for the evolution of the size of the particles. We can infer that the process by which the size of the LiCoO2 particles decreases from several micrometers to several nanometers can be divided into two stages.
From several micrometers to submicron: In this stage, the combined action of mechanical shearing and the direct particle-shock wave interaction is regarded as the primary mechanism for the generation of micrometer-sized particles.[S1] By 200 min, the micrometer-sized particles were fully broken into pieces, and their sizes decreased to the submicrometer scale. [S2] Therefore, we speculate that this can be attributed to many reasons. Firstly, after the first stage of sonication treatment, the surfaces of the submicrometer-sized particles have become rough and formed many pores, which will decrease the nucleation energy. Hence, these pores can entrap gas and initiate the following growth of new cavitation bubbles. Secondly, as proved previously, ethanol can be intercalated into the layers of LiCoO2 and increase its lattice parameters. This means that the intercalation of ethanol will lead to some defects and result in the concentration of stress concentration. Adding the action of the shock wave from the bubble collapse, a crack is produced, and a fracture is easy to initiate. After that, the next cycle starts and the more nanosized sheets are finally obtained from the sub-micrometer sized particles. Following the successful exfoliation of LiCoO2 particles, high-shear mixing exfoliation, as a scalable alternative to sonication for the exfoliation, was further employed to produce other 2D nanosheets of the cathode materials, including LiCoO2, LiFePO4, and LiMn2O4, as shown in the Figure S11 , and also of anode materials, including TiS2 ( Figure S4 ) and MnO2 ( Figure S5 ). 
